Introduction
============

Olfaction plays a critical role in the daily life of vertebrates, such as prey detection, predator avoidance, mating, and territoriality ([@bib25]). Two distinct nasal olfactory systems exist in most terrestrial vertebrates: the main olfactory system (MOS) and the vomeronasal system (VNS) ([@bib5]; [@bib14]). Although partially overlapping in function, the MOS appears to be mainly responsible for recognizing environmental odorants, whereas the VNS primarily detects pheromones, which constitute a poorly defined class of chemicals that are emitted and sensed by individuals of the same species to elicit sexual/social behaviors and physiological changes ([@bib32]; [@bib45]). The MOS and the VNS are anatomically and neurologically separated; they use different receptors and have distinct signal transduction pathways ([@bib5]; [@bib14]). The VNS is of particular interest to evolutionists because of its high diversity in complexity among species ([@bib12]; [@bib57], [@bib58]; [@bib40]; [@bib15]). Although the morphological components of the VNS are believed to first emerge in the common ancestor of tetrapods, its genetic components have been inferred to exist in the common ancestor of all vertebrates ([@bib14], [@bib16]). Among tetrapods, the VNS varies from completely absent in birds, catarrhine primates (humans, apes, and Old World monkeys), most bats, and many cetaceans to rudimentary in amphibians to highly complex in murids, opossums, and the platypus ([@bib62]; [@bib12], [@bib11]; [@bib14]; [@bib40], [@bib41]; [@bib64]).

Vomeronasal sensitivity is mediated by two families of G-protein--coupled receptors known as V1rs and V2rs ([@bib26]). In the genome of the laboratory mouse, there are about 190 putatively functional *V1r* and 70 *V2r* genes ([@bib39]; [@bib55]). Note that despite the availability of genome sequences, the gene numbers are only approximate due to among-strain variations and/or incomplete genomic sequencing ([@bib63]). The *V1r* and *V2r* gene repertoires, especially the former, have been examined in many mammalian genomes ([@bib34]; [@bib33]; [@bib13], [@bib15]; [@bib12], [@bib11]; [@bib57], [@bib58]; [@bib40]; [@bib59]). It was reported that the among-species size variation in *V1r* and *V2r* gene repertoires is among the highest of all mammalian gene families ([@bib12], [@bib11]; [@bib55]). This variation is not random, at least in the case of *V1r*s, because a clear positive correlation exists between the morphological complexity of the VNS and the number of putatively functional *V1r* genes ([@bib12], [@bib11]). An evolutionary hallmark of *V1r*s and *V2r*s is the exceptionally rapid gene turnover that results in lineage-specific receptors. For example, between 187 mouse and 106 rat *V1r*s examined, only 18 are one-to-one orthologous ([@bib13], [@bib15]), in sharp contrast to the genome-wide estimate that 86--94% of rat genes have one-to-one mouse orthologs ([@bib10]). Despite the striking macroevolutionary diversity of *V1r*s and *V2r*s, the evolutionary forces acting on these genes are unclear due to the lack of knowledge about the population genetic dynamics of *V1r* and *V2r* genes. Specifically, it would be interesting to test whether *V1r*s and *V2r*s evolve by divergent selective pressures in sibling species because pheromones are by definition species specific ([@bib3]).

In this work, we study the microevolution of vomeronasal receptor genes in two closely related mouse species, *Mus musculus* (abbreviated as *Mm*) and *Mus domesticus* (*Md*). *Mm* is distributed from Eastern Europe to Japan, across Russia and northern China, whereas *Md* is common in Western Europe, Africa, and the near-East and was transported by humans to the Americas and Australia ([@bib17]). *Mm* and *Md* diverged within the last 500 thousand years ([@bib38]). The two species form a narrow zone of hybridization through Central Europe that extends from the Jutland Peninsula to the Bulgarian coast of the Black Sea ([@bib35]; [@bib52]). Mice from the center of the hybrid zone have higher parasite loads than those from the edges of the hybrid zone ([@bib36]; [@bib27], [@bib28]), indicative of reduced fitness due to hybrid inviability. Additional laboratory studies have documented reproductive incompatibility between *Mm* and *Md*. There is clear evidence of hybrid male sterility between the two species ([@bib7]; [@bib6]; [@bib1]; [@bib47]; [@bib4]; [@bib51]; [@bib53]). There is also evidence for limited female sterility in some crosses but not others ([@bib7]; [@bib4]). Evidence for partial premating isolation is also ample ([@bib22]; [@bib44]; [@bib43]). Although some authors regard *Mm* and *Md* as two subspecies of the species *M. musculus* ([@bib52]), for simplicity, we treat them as two species that are in an early stage of divergence with a low degree of gene flow.

There are several reasons why we chose to study *Mm* and *Md*. First, the laboratory mouse, a mosaic of *Mm*, *Md*, and *Mus castaneus* ([@bib8]; [@bib54]), is a model organism for studying vomeronasal sensitivity. A substantial amount of genetic, neurological, and behavioral data related to vomeronasal sensitivity is available for the laboratory mouse, allowing a more accurate interpretation of the evolutionary and population genetic data that we collect. Second, the genome sequence of the laboratory mouse is known, making the experimental design much easier. Third, mice represent those vertebrates with a relatively high level of vomeronasal sensitivity ([@bib49]; [@bib12]). Thus, their vomeronasal sensitivities may be more important in determining organismal fitness and under stronger natural selection.

Avoiding the hybrid zone, we trapped seven wild *Mm* and seven wild *Md* in Czech Republic and France, respectively. Our present study focuses on *V1r*s because they have only one coding exon, making DNA amplification and sequencing much easier. Here, we report the microevolution of 44 *V1r*s and 25 presumably neutral noncoding regions in these 14 mice.

Materials and Methods
=====================

Seven *M. musculus* and seven *M. domesticus* individuals were collected from Czech Republic and France, respectively. Although the mice from each species were sampled from restricted geographic areas ([supplementary table 1](http://gbe.oxfordjournals.org/cgi/content/full/evr039/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evr039/DC1) online), it should not affect our results because mice have little geographic differentiation ([@bib38]). The identity of the mice was confirmed by sequencing a 683-nt segment of the mitochondrial cytochrome c oxidase subunit I (COXI) gene that is commonly used as a barcode for identifying animal species.

The liver genomic DNAs of the mice were extracted using the PUREGENE genomic DNA purification kit (Gentra Systems, Minneapolis, MN), following the manufacturer\'s instruction. Gene-specific primers for amplifying 44 *V1r* genes were designed according to the *Mus musculus* reference sequence from GenBank ([supplementary table 2](http://gbe.oxfordjournals.org/cgi/content/full/evr039/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evr039/DC1) online). The protein-coding region of each *V1r* gene studied has 870--1,104 nt, which were completely amplified in our experiments. Polymerase chain reactions (PCRs) were performed with GoTaq DNA Polymerase (Promega Corp, Madison, WI) under conditions recommended by the manufacturer. PCR products were examined on 1.5% agarose gel. Samples showing duplicated electropherograms due to insertions/deletions were cloned with TOPO PCR cloning kit (Invitrogen, Carlsbad, CA) and sequenced with universal T7 and M13 primers using the Sanger method on an automatic DNA sequencer. Otherwise, the PCR products were enzymatically processed using calf intestinal phosphatase and exonuclease I (Exo I) (New England Biolabs, Ipswich, MA) before being sequenced bidirectionally with the gene-specific primers. Sequencher (GeneCodes, Ann Arbor, MI) and MEGA4 ([@bib50]) were used to edit and align the sequences. Twenty-five presumably neutral noncoding regions ([supplementary table 3](http://gbe.oxfordjournals.org/cgi/content/full/evr039/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/cgi/content/full/evr039/DC1) online), most with ∼1,000 nt, were also amplified and directly sequenced in the same 14 mice. Watterson\'s θ, nucleotide diversity π, Tajima\'s *D*, and Fu and Li\'s *D*\* were computed using DnaSP ([@bib23]). Tajima\'s test ([@bib48]) and Fu and Li\'s test ([@bib9]) were conducted by 10,000 coalescent simulations in DnaSP. Hudson--Kreitman--Aguade (HKA) test ([@bib19]) was conducted using a program written by J. Hey ([http://lifesci.rutgers.edu/∼heylab/](http://lifesci.rutgers.edu/~heylab/)). The sequences reported in this article have been submitted to GenBank (accession numbers JF782602--JF783819, JF782044--JF782601, and JF783820--JF783959).

Results
=======

Intraspecific Variations of *V1r*s and Noncoding Regions
--------------------------------------------------------

Based on previous studies ([@bib13]; [@bib39]), there are at least 188 putatively functional *V1r* genes in the mouse genome ([fig. 1](#fig1){ref-type="fig"}). We carefully selected 44 of them for an in-depth study in 14 mice. These 44 genes were chosen to represent major lineages of mouse *V1r*s, to include genes with (14) and without (30) rat one-to-one orthologs, and to allow gene-specific amplification and sequencing ([fig. 1](#fig1){ref-type="fig"}). For comparison, we also sequenced 25 presumably neutral noncoding regions in these 14 mice. Five of these 25 noncoding regions were from a previous study ([@bib2]), and the sequenced segments are either in introns or in intergenic regions that are \>5 kb upstream of coding regions. The remaining 20 noncoding regions were randomly picked from the genome, with the criteria that the regions are at least 200 kb away from any known gene. All sequenced noncoding regions are on autosomes, so are the sequenced *V1r* genes. The average length of the noncoding regions sequenced (936 nt) is similar to the average length of the *V1r*s sequenced (934 nt).

![An unrooted tree of 188 putatively functional mouse V1rs ([@bib39]). Red branches denote the 44 V1rs surveyed in this study. Branches denoted with \* have putatively functional rat V1r orthologs ([@bib15]). Gene family names are from [@bib33]. The tree was reconstructed using the Neighbor-Joining method ([@bib37]) with Poisson-corrected protein distances. The scale bar shows 0.1 amino acid substitution per site.](gbeevr039f01_3c){#fig1}

The basic population genetic parameters of individual *V1r*s and noncoding regions are presented in [table 1](#tbl1){ref-type="table"} and [table 2](#tbl2){ref-type="table"}, respectively. Consistent with other population genetic studies ([@bib38]), we found nucleotide diversity per site (π) at the 25 noncoding regions to be higher in *Md* (0.0021) than in *Mm* (0.0013), although the difference is not statistically significant (*P* = 0.15, two-tailed paired *t*-test; [table 2](#tbl2){ref-type="table"}). However, the opposite is found for *V1r*s, although the difference is again not significant (*P* = 0.09, two-tailed paired *t*-test; [table 1](#tbl1){ref-type="table"}). Compared with the noncoding regions, *V1r*s show an overall higher π in *Mm* (*P* = 0.24, two-tailed Mann--Whitney test) but a lower π in *Md* (*P* = 0.014, two-tailed Mann--Whitney test) ([tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). In neither species is there a significant difference in π between *V1r*s with one-to-one rat orthologs and those without such orthologs (*P* \> 0.2, two-tailed Mann--Whitney test; [table 1](#tbl1){ref-type="table"}).

###### 

Intra- and Interspecific Sequence Variations of 44 Mouse *V1r* Genes

  --------------------------
  ![](gbeevr039fx1_3c.jpg)
  --------------------------

###### 

Intra- and Interspecific Sequence Variations of 25 Noncoding Regions in Mice

  Region name^1^   Chromos. no.   Nucleotide position[2](#tblfn15){ref-type="table-fn"}   length (nt)[3](#tblfn16){ref-type="table-fn"}   Within *M. musculus*   Within *M. domesticus*   Between species                                                                                        
  ---------------- -------------- ------------------------------------------------------- ----------------------------------------------- ---------------------- ------------------------ ----------------- -------------- -------------- ----- ------ ------ -------------- -------------- ---- -------
  032              3              61421835--61422742                                      908                                             1                      3.5                      1.6               −1.16          −1.40          10    34.6   26.4   −0.93          0.58           2    85.7
  con1             5              4750295--4751185                                        885                                             4                      14.2                     22.4              [1.89]{.ul}    1.16           5     17.8   23.6   1.14           1.23           0    44.7
  con2             5              4177067--4178013                                        948                                             6                      19.9                     26.9              1.26           1.29           4     13.3   11.1   −0.53          1.16           0    40.0
  062              6              13370671--13371601                                      930                                             1                      3.6                      5.7               1.38           0.75           5     16.9   17.7   0.17           0.51           9    122.8
  063              6              13335122--13336060                                      940                                             0                      0.0                      0.0               0.00           0.00           7     23.5   32.5   1.41           0.77           7    93.5
  071              7              34198101--34199051                                      951                                             6                      19.8                     14.9              −0.89          −0.61          8     26.5   29.5   0.43           1.37           9    150.0
  072              7              1485242--1486253                                        1,012                                           2                      6.2                      5.2               −0.44          0.94           1     3.1    4.9    1.21           0.72           11   117.9
  073              7              14736902--14737811                                      902                                             15                     55.1                     90.7              [2.78]{.ul}    [1.51]{.ul}    7     24.2   30.1   0.90           0.21           4    148.9
  074              7              13161241--13162059                                      818                                             1                      3.8                      1.7               −1.16          −1.40          10    38.4   65.4   [2.73]{.ul}    [1.42]{.ul}    1    71.6
  con3             7              12877447--12878480                                      1,034                                           3                      9.1                      12.4              0.07           0.30           4     12.2   10.5   −0.44          −0.55          1    26.2
  102              10             54958829--54959659                                      812                                             0                      0.0                      0.0               0.00           0.00           1     3.8    1.7    −1.16          −1.40          9    111.7
  131              13             4938296--4939215                                        920                                             2                      6.8                      10.5              1.46           0.94           3     10.3   13.3   0.90           0.02           9    117.2
  con4             13             5177266--5178204                                        939                                             3                      10.0                     14.4              1.32           1.07           6     20.1   28.8   1.55           1.29           4    81.4
  133              13             14942772--14943791                                      1,021                                           1                      3.1                      5.3               1.51           0.72           7     21.6   18.1   −0.60          1.33           4    60.9
  con5             13             10340883--10341849                                      984                                             3                      9.6                      8.3               −0.42          −1.04          8     25.5   21.9   −0.53          0.86           6    86.4
  con6             14             12999764--13000706                                      948                                             5                      16.6                     15.1              −0.32          0.51           2     6.6    4.3    −0.96          −0.45          1    39.9
  con7             14             55603471--55604414                                      944                                             3                      10.5                     5.3               −[1.63]{.ul}   −[1.95]{.ul}   17    56.6   29.3   −[1.99]{.ul}   −[2.45]{.ul}   1    45.9
  con8             17             1418876--1419796                                        921                                             5                      17.1                     13.2              −0.78          −0.95          5     17.1   13.6   −0.70          −0.22          2    42.7
  173              17             27883797--27884681                                      885                                             2                      7.1                      6.6               −0.20          −0.45          1     3.6    5.1    0.84           0.72           15   181.6
  con9             17             64305167--64306026                                      860                                             10                     36.6                     30.2              −0.68          −1.52          3     11.0   6.4    −1.28          −1.04          0    64.8
  GGH              4              20166795--201667294                                     499                                             1                      5.0                      3.5               −0.34          0.72           4     18.3   19.3   0.00           0.00           0    2.9
  MELK             4              2162811--2163729                                        918                                             0                      0.0                      0.0               0.00           0.00           14    50.6   75.0   [2.06]{.ul}    1.20           5    116.2
  NKD1             8              91403263--91404440                                      1,178                                           8                      16.9                     14.9              −0.87          −0.22          11    21.1   12.8   0.83           0.02           0    26.7
  PUM1             4              130022004--130023187                                    1,183                                           4                      8.8                      2.2               0.00           0.00           5     10.0   3.9    −1.16          −1.40          0    7.9
  SFRP1            8              2480594--2481312                                        1,071                                           1                      3.0                      5.0               1.43           0.72           12    30.1   24.3   −0.75          −0.68          10   122.0
  Mean                                                                                    936.4                                           3.5                    11.7                     12.6              0.17           0.04           160   20.7   21.2   0.13           0.21           4    80.4

N[OTE]{.smallcaps}.---^1^Most noncoding regions do not have standard names, and the names listed are the idendification numbers used in our laboratory.

Nucleotide positions in the mouse genome sequence of National Center for Biotechnology Information Build 37.

Length in *M. musculus*. Length in *M. domesticus* may be slightly different due to indels.

Number of polymorphic sites.

Watterson\'s polymorphism per site.

Nucleotide diversity per site.

Values significantly different from 0 at the 5% level are underlined. Significance is determined by 10,000 coalescent simulations.

Number of fixed nucleotide differences between species.

Mean number of nucleotide differences between species.

We applied Tajima\'s test of neutrality ([@bib48]) to each of the *V1r*s ([table 1](#tbl1){ref-type="table"}) and noncoding regions ([table 2](#tbl2){ref-type="table"}). Note that the null hypothesis in Tajima\'s test is the Wright--Fisher model of strict neutrality. Thus, rejection of the null hypothesis may indicate one or more of the following: purifying selection, positive selection, and demographic changes. For both *V1r*s and noncoding regions, several loci show significantly negative or positive Tajima\'s *D*. For example, in *Mm*, five *V1r*s and two noncoding regions show significantly positive *D* (nominal *P* \< 0.05), whereas five *V1r*s and one noncoding region show significantly negative *D*. In *Md*, zero *V1r* and two noncoding regions show significantly positive *D*, whereas two *V1r*s and one noncoding region show significantly negative *D*. In neither species is there a significant difference between *V1r*s and noncoding regions in the fraction of loci with significantly positive or negative *D* (*P* \> 0.1 in all cases, χ^2^ test). We also compared the frequency distribution of Tajima\'s *D* between *V1r*s and noncoding regions ([fig. 2a and 2b](#fig2){ref-type="fig"}) but found no significant differences (*P* = 0.44 for *Mm* and 0.12 for *Md*, Kolmogorov--Smirnov test). We found similar results from comparing the distribution of Fu and Li\'s *D*\* between *V1r*s and noncoding regions (*P* = 0.74 for *Mm* and 0.30 for *Md*, Kolmogorov--Smirnov test, [fig. 2c and 2d](#fig2){ref-type="fig"}).

![Frequency distributions of Tajima\'s *D* and Fu and Li\'s *D*\* among 44 *V1r*s and 25 noncoding regions in mouse. (A) Tajima\'s *D* in *M. musculus*; (B) Tajima\'s *D* in *M. domesticus*; (C) Fu and Li\'s *D*\* in *M. musculus*; and (D) Fu and Li\'s *D*\* in *M. domesticus*.](gbeevr039f02_ht){#fig2}

Interspecific Divergences of *V1r*s and Noncoding Regions
---------------------------------------------------------

The mean number of nucleotide difference per site between *Mm* and *Md* is 0.00442 for the *V1r*s ([table 1](#tbl1){ref-type="table"}) and 0.00804 for the noncoding regions ([table 2](#tbl2){ref-type="table"}). The mean nonsynonymous nucleotide difference per nonsynonymous site (*d*~N~) of the 44 *V1r*s divided by the mean synonymous difference per synonymous site (*d*~S~) of the same set of genes is 0.315. Seven *V1r*s have *d*~N~/*d*~S~ \>1, but none of them significantly exceeds 1 by Fisher\'s exact test ([@bib61]). The fraction of *V1r*s with a *d*~N~/*d*~S~ ratio below 1 is significantly greater than 50% (*P* = 3 × 10^−6^, binomial test). These results indicate that the evolutionary divergence of *V1r*s is overall governed by purifying selection.

Combining the polymorphism and divergence data, we conducted several McDonald--Kreitman tests ([@bib24]) by varying the consideration of the polymorphic data from one or both species ([table 3](#tbl3){ref-type="table"}). In all cases, nonsynonymous/synonymous ratio is lower for divergence than for polymorphism, although the differences are not statistically significant ([table 3](#tbl3){ref-type="table"}). These findings suggest that the evolution of mouse *V1r*s is largely neutral, with the presence of only weak purifying selection that hampers the fixation of some nonsynonymous changes. For instance, the nonsynonymous/synonymous ratio is 102/56 = 1.82 for intraspecific polymorphisms in *Md* but 32/31 = 1.03 for interspecific divergences (*P* = 0.068, Fisher\'s exact test). Consistent with the above interpretation, we found the nonsynonymous/synonymous ratios for polymorphisms and divergences to be more similar to each other when only derived alleles with frequencies equal to or greater than 2/14 are considered for polymorphisms. For instance, the nonsynonymous/synonymous ratio now becomes 62/44 = 1.41 for polymorphisms in *Md*, closer to the ratio of 1.03 for interspecific divergences (*P* = 0.76, Fisher\'s exact test).

###### 

Numbers of Synonymous and Nonsynonymous Sequence Variations in *V1r*s

                                                                                                       Nonsynonymous/synonymous   Nonsynonymous/(noncoding + synonymous)           
  ----------------------------------------------------------------------------------- ----- ---- ----- -------------------------- ---------------------------------------- ------- ---------
  Polymorphisms in *M. musculus*                                                      111   97   80    1.144                      0.774                                    0.627   \<0.001
  Polymorphisms in *M. domesticus*                                                    102   56   144   1.821                      0.068                                    0.510   \<0.001
  High-frequency[3](#tblfn24){ref-type="table-fn"} polymorphisms in *M. musculus*     78    77   65    1.013                      1.000                                    0.549   \<0.001
  High-frequency[3](#tblfn24){ref-type="table-fn"} polymorphisms in *M. domesticus*   62    44   104   1.409                      0.330                                    0.419   0.01
  Fixed differences between the two species                                           32    31   110   1.032                                                               0.227   

N[OTE]{.smallcaps}.---^1^Variations in the 25 noncoding regions.

*P* value is from Fisher\'s exact test in comparison with fixed differences.

Frequency of the derived allele is equal to or greater than 2 of 14.

Because of the relatively small numbers of synonymous polymorphisms and substitutions in our *V1r* data, we augmented this dataset with the 25 noncoding regions to enhance the statistical power of the McDonald--Kreitman test. That is, we lumped synonymous and noncoding changes and compared them with nonsynonymous changes ([table 3](#tbl3){ref-type="table"}). The results are consistent with those from the comparison between synonymous and nonsynonymous changes, but the difference between polymorphism and divergence becomes statistically more significant ([table 3](#tbl3){ref-type="table"}). For example, the nonsynonymous/(noncoding+synonymous) ratio is 0.510 for intraspecific polymorphisms in *Md*, significantly higher than that (0.227) for interspecific divergences (*P* \< 0.001, Fisher\'s exact test). Together, the various McDonald--Kreitman tests demonstrate the overall action of purifying selection hampering the spread and fixation of nonsynonymous changes in *V1r*s. We did not perform McDonald--Kreitman tests for individual *V1r*s because of the low numbers of synonymous and nonsynonymous changes in each *V1r* and the consequent low statistical power.

We examined *d*/θ for each *V1r* in each species, where *d* is the average nucleotide difference per site between an *Mm* allele and an *Md* allele and *θ* is Watterson\'s estimate of polymorphism per site in a species ([table 4](#tbl4){ref-type="table"}). Because some sequences have no polymorphic sites, we used the actual number of polymorphic site plus 1 in calculating θ for each *V1r* gene or noncoding region. In *Mm*, the mean *d* divided by mean θ is 2.59 for *V1r*s, whereas the corresponding ratio is 7.30 for the noncoding regions. In *Md*, the ratios are 3.63 and 4.20 for *V1r*s and noncoding regions, respectively. Thus, overall, *V1r*s have lower divergence-to-polymorphism ratios than noncoding regions, indicative of purifying selection on *V1r*s. When each gene is examined separately by the HKA test ([@bib19]), however, three genes (A9, B8, and C5) show significantly greater *d*/θ than the 25 noncoding regions in both *Mm* and *Md* and three additional genes (F3, F5, and J3) show significantly greater *d*/θ than noncoding regions only in *Md* ([table 4](#tbl4){ref-type="table"}). Because 44 tests were conducted in each species, some of the significant cases (on average 2.2 cases per species) may be artifacts of multiple testing. After examining the fixed differences between *Mm* and *Md*, we believe that F3, F5, and J3 are probably false positives because they lack any fixed differences, whereas A9, B8, and C5 are likely to be true positives because they each contain at least five fixed nonsynonymous differences between the two species, and the statistical significance of the HKA test is high (*P* \< 0.0025 for each gene in each species). Even after the conservative Bonferroni correction, A9 remains significant in both species and C5 remains significant in *Mm*. Thus, it is likely that a small fraction of *V1r*s has been subject to positive selection in the divergence of *Mm* and *Md*.

###### 

Comparison Between *V1r*s and the 25 Noncoding Regions by the HKA Test

                         *M. musculus*   *M. domesticus*                  
  ---------------------- --------------- ----------------- -------------- ---------
  A1                     1.95            2.6E-03           1.63           3.5E-01
  A9                     [20.67]{.ul}    1.5E-04           [13.78]{.ul}   1.4E-04
  B1                     2.11            5.0E-04           3.31           9.1E-01
  B2                     2.41            4.4E-03           2.76           8.5E-01
  B3                     2.35            1.0E-01           1.01           1.5E-02
  B7                     4.32            8.5E-01           2.16           8.7E-01
  B8                     [17.95]{.ul}    1.6E-03           [11.96]{.ul}   2.4E-03
  C5                     [36.12]{.ul}    3.2E-10           [12.04]{.ul}   2.1E-03
  C6                     5.13            3.3E-01           2.85           8.3E-01
  C21                    2.73            9.5E-01           1.36           9.9E-01
  C27                    1.35            2.9E-07           6.42           5.9E-01
  C28                    1.09            1.2E-07           1.96           6.9E-01
  C30                    4.44            7.7E-01           1.48           2.4E-01
  D6                     1.65            1.7E-03           2.20           9.6E-01
  D7                     12.61           7.0E-02           5.04           8.6E-01
  D13                    1.56            1.8E-01           0.45           1.7E-05
  E1                     1.05            5.9E-08           4.20           9.7E-01
  E2                     4.43            7.7E-01           4.43           9.5E-01
  E3                     0.76            4.5E-09           4.54           4.0E-01
  E4                     2.14            4.5E-03           3.56           9.8E-01
  E7                     1.97            4.2E-02           5.91           1.6E-01
  E8                     1.14            3.4E-05           0.91           2.8E-02
  E11                    1.66            1.9E-03           1.11           4.9E-02
  F1                     0.41            2.2E-11           1.02           9.5E-01
  F2                     0.37            1.7E-14           1.24           6.4E-01
  F3                     0.87            7.2E-10           [12.83]{.ul}   1.5E-03
  F4                     1.38            1.8E-05           4.15           9.7E-01
  F5                     1.76            1.4E-03           [14.08]{.ul}   4.2E-06
  G1                     2.99            1.2E-01           0.54           9.3E-06
  G6                     1.11            1.1E-08           3.16           9.0E-01
  G9                     1.56            2.5E-05           4.16           9.6E-01
  G11                    1.14            6.4E-04           1.14           5.0E-01
  G12                    2.40            3.2E-03           4.32           9.2E-01
  H4                     8.52            4.2E-01           3.41           9.4E-01
  H15                    4.69            5.2E-01           1.17           1.6E-02
  H19                    2.05            1.2E-02           2.05           8.4E-01
  H20                    1.23            3.2E-07           3.07           9.6E-01
  I1                     1.70            1.0E+00           0.34           3.6E-05
  I6                     4.09            4.7E-01           3.07           9.6E-01
  I7                     2.12            2.8E-03           4.24           9.6E-01
  J2                     1.48            2.2E-05           2.21           8.8E-01
  J3                     1.91            5.4E-04           [13.40]{.ul}   1.8E-04
  K1                     1.29            1.4E-04           1.72           8.9E-01
  L1                     0.76            4.5E-09           0.76           3.0E-03
  All *V1r* genes        2.59            1.5E-96           3.63           6.9E-05
  25 noncoding regions   7.30                              4.20           

N[OTE]{.smallcaps}.---^1^Interspecific divergence per site divided by Watterson\'s polymorphism per site. The actual number of polymorphc site plus 1 was used in calculating Watterson\'s polymorphism per site. Values of *d*/θ that are significantly greater than expected from the 25 noncoding regions are underlined.

*P* values are from chi-squares tests.

Abundant Segregating Null Alleles of *V1r*s
-------------------------------------------

We observed a large number of *V1r* genes that have segregating null alleles in either one or both mouse species based on the occurrences of single nucleotide polymorphisms and/or insertions/deletions (indels) that introduce premature stop codons. For two *V1r* genes (C28 and F3), amplification was unsuccessful in some but not all mouse individuals even after extensive experimentation with multiple primer sets including those within coding regions, suggesting that the two genes may have been partially or entirely deleted in these individuals. We thus regard these cases as null alleles as well. In total, 14 *V1r*s harbor null alleles in *Mm* and 7 in *Md* ([table 5](#tbl5){ref-type="table"}). Given these numbers, we should expect 14 × 7/44 = 2.23 *V1r*s to have segregating null alleles in both species if *V1r* pseudogenization in the two species is independent. Consistent with this expectation, two *V1r*s harbor segregating null alleles in both species, and the pseudogenization events were independent because the null alleles in the two species were generated by different open reading frame (ORF)--disrupting mutations ([table 5](#tbl5){ref-type="table"}). In addition to the prevalence of pseudogenized *V1r*s, the frequencies of the null alleles are not particularly low ([table 5](#tbl5){ref-type="table"}), especially in *Mm*, suggesting the lack of strong selection preventing the null alleles from spreading through the populations. This finding is consistent with an overall low purifying selection acting on *V1r*s and provides a microevolutionary explanation for the rapid gene turnover observed at the macroevolutionary time scale.

###### 

Mouse *V1r*s With Segregating Null Alleles^1^

  *V1r*s   *M. musculus*                     *M. domesticus*
  -------- --------------------------------- -------------------------
  A9       3 (deletion)                      
  B1       8 (deletion)                      
  B2                                         1 (deletion)
  C6       4 (SNP)                           
  C27      5 (SNP) + 1 (deletion)            
  C28      4 (no amplification)              1 (SNP)
  E1       2 (deletion)                      
  F1       1 (deletion) + 2 (deletion)       
  F3       10 (no amplification) + 2 (SNP)   
  F5       1 (deletion)                      
  H4                                         1 (insertion)
  H15                                        6 (SNP)
  I6       2 (insertion)                     1 (insertion) + 1 (SNP)
  I7       2 (deletion)                      1 (insertion)
  J2       2 (SNP)                           
  J3       1 (SNP)                           
  K1       1 (SNP) + 2 (deletion)            
  L1                                         1 (SNP)

N[OTE]{.smallcaps}.---Numbers in the table are the numbers of null alleles (of 14 per species) for *V1r*s that harbor null alleles in the species. The type of null mutations is also indicated.

Discussion
==========

In this study, we characterized the intra- and interspecific sequence variations of 44 *V1r* genes and 25 noncoding regions in two closely related *Mus* species. Both intraspecific polymorphisms and interspecific divergences are generally reduced in *V1r*s compared with the noncoding regions, suggesting that the overall force in *V1r* evolution is purifying selection. The strength of the purifying selection, however, is relatively weak. This is reflected by a ratio of approximately 0.32 between the mean nonsynonymous substitution rate and mean synonymous substitution rate of the 44 *V1r*s. A similar ratio (0.34) is obtained when only fixed differences between *Mm* and *Md* are considered. In comparison, this ratio is on average ∼0.11 when all 11,503 mouse--rat orthologous genes are compared. The Rat Genome Sequencing Project Consortium reported that 15% of mouse--rat orthologous genes have a *d*~N~/*d*~S~ ratio greater than 0.28, but we found that 57% of *V1r*s belong to this category, the difference being highly significant (*P* \< 10^−6^, binomial test). The overall weak purifying selection is also reflected by the high fraction of *V1r* loci that have segregating null alleles in either one or both *Mus* species examined. It is likely that a sizable proportion of *V1r* genes are not functionally constrained in each mouse species, consistent with the previous observation of virtually neutral variations of *V1r* gene copy number within and between species ([@bib31]; [@bib60]). In other words, the seemingly rapid *V1r* gene turnover is at least in part caused by neutral genomic drift ([@bib31]). We did not find any *V1r* that has been duplicated in one of the two *Mus* species since their separation, but this is attributable to our intentional avoidance of studying *V1r*s with closely related paralogs to ease gene-specific amplification. In fact, in our preliminary study, one gene (E13) appeared to be duplicated in some individuals, but it was removed from the subsequent study due to the difficulty in designing gene-specific primers. Our findings of weak purifying selection in the microevolution of *V1r*s is generally consistent with a recent interspecific comparison of a subset of *V1r*s between the laboratory mouse and *M. spretus* ([@bib21]), which diverged from each other much earlier than the separation between *Mm* and *Md*. Kurzweil et al. sequenced a genomic segment of *M. spretus* that harbors two subfamilies of *V1r*s, including 18 genes. They observed that 1 of 11 genes in subfamily a and 2 of 7 genes in subfamily b have been lost in *M. spretus*, whereas 2 genes in subfamily a are becoming pseudogenes in *M. musculus*. They also identified two orthologous pairs that have been subject to positive selection. However, they did not analyze population genetic dynamics of *V1r*s because no intraspecific polymorphism data were collected. Our data thus complement theirs in providing necessary information for inferring the microevolutionary forces acting on *V1r*s.

It should be noted that, across mammals, there is a strong positive correlation between the morphological (and presumably physiological) complexity of the VNS in a species and the number of intact *V1r* genes the species has ([@bib12], [@bib11]). Furthermore, during the evolutionary transition of vertebrates from water to land, there was a ∼50-fold increase in the ratio of the number of V1rs, which likely bind to airborne ligands, to that of V2rs, which likely bind to water-soluble ligands ([@bib40]). Thus, it is likely that the evolution of the *V1r* repertoire is also subject to positive selection. Indeed, using the HKA test, we detected positive selection for nucleotide substitutions in ∼5% of the mouse *V1r*s surveyed after controlling for multiple testing. Extrapolating this result to all *V1r*s suggests that there are ∼10 *V1r*s that have adaptive differences between the two *Mus* species compared. Although we have no knowledge about the number of pheromonal differences between the two species, it is not unlikely that they differ by no more than a dozen pheromones. Recently, Karn et al. suggested that a particular *V1r* gene, *Vmn1r67* (or E10 in our nomenclature), experienced adaptive divergences among *Mus* species and that it might be responsible for detecting the androgen-binding protein, a species-specific cue for species recognition ([@bib20]). Although this gene is not included in our 44 *V1r*s, positive selection on this gene would not be inconsistent with our estimate of ∼5% of positively selected *V1r*s in the divergence between *Mm* and *Md*. In the future, it will be interesting to confirm their finding in the wild mice used here. An earlier paper compared two assemblies of mouse genome sequences, which were acquired from different mouse inbred lines, and reported an overall *d*~N~/*d*~S~ ratio between the two assemblies to be 1.13 for *V1r*s ([@bib63]). The authors interpreted this finding as evidence for positive selection acting on most *V1r*s without actually testing whether the *d*~N~/*d*~S~ ratio is significantly greater than 1, which is required for establishing positive selection. In our study, we found the mean *d*~N~/*d*~S~ ratio for polymorphisms to be ∼0.5 when all *V1r* polymorphisms in the 14 mice sequenced here are considered. It remains to be seen whether this disparity is due to the difference between the genes we sampled and the rest of *V1r*s, sequencing errors in draft genome sequences, or the differences between the wild mice and inbred laboratory mice. Furthermore, it will be important to reexamine the polymorphism and divergence of mouse *V1r*s at sites important for binding to ligands when such sites are identified.

It is important to note that the sample size (seven mice per species) is relatively small in our study, making population genetic tests of positive selection less powerful. Nonetheless, multiple observations from our data are consistent with one another in supporting the conclusion that weak purifying selection is the predominant force in mouse *V1r* evolution. Furthermore, the McDonald--Kreitman test also strongly rejects the strict neutrality in support of purifying selection rather than positive selection. Thus, it is unlikely that the observed paucity of positive selection in *V1r*s is an artifact of our small sample. We focused our analysis exclusively on coding regions rather than on regulatory regions because all *V1r*s are expressed in the VNS and are not expected to have important evolutionary changes in gene regulation. A previous analysis of the promoter regions of *V1r*s supports this view ([@bib46]). One limitation of our study is that we focused exclusively on point mutations and small indels, whereasthe macroevolution of *V1r*s is also known to be characterized by gene duplication, deletion, and possibly gene conversion. In the future, it would be especially interesting to examine the dynamics of copy number variations for *V1r*s as has been analyzed for odorant receptor genes ([@bib31]; [@bib60]; [@bib18]; [@bib56]).

Evolutionary changes of large gene families appear to contribute disproportionately to genomic evolution because several of the largest gene families in eukaryotic genomes evolve rapidly ([@bib42]; [@bib29]; [@bib30]; [@bib41]). It will be interesting to study whether our findings on the microevolution of *V1r*s extend to other large gene families.
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